Abstract The pentafluorosulfanyl (SF 5 -) substituent conveys properties that are beneficial to drugs and agrochemicals. As synthetic methodologies improve the number of compounds containing this group will expand and these chemicals may be viewed as emerging pollutants. As many microorganisms can degrade aromatic xenobiotics, we investigated the catabolism of SF 5 -substituted aminophenols by bacteria and found that some Pseudomonas spp. can utilise these compounds as sole carbon and energy sources. GC-MS analysis of the culture supernatants from cultures grown in 5-(pentafluorosulfanyl) 2-aminophenol demonstrated the presence of the Nacetylated derivative of the starting substrate and 4-(pentafluorosulfanyl)catechol. Biotransformation experiments with re-suspended cells were also conducted and fluorine-19 NMR analyses of the organic extract and aqueous fraction from suspended cell experiments revealed new resonances of SF 5 -substituted intermediates. Supplementation of suspended cell cultures with yeast extract dramatically improved the degradation of the substrate as well as the release of fluoride ion. 4-(Pentafluorosulfanyl)catechol was shown to be a shunt metabolite and toxic to some of the bacteria. This is the first study to demonstrate that microorganisms can biodegrade SF 5 -substituted aromatic compounds releasing fluoride ion, and biotransform them generating a toxic metabolite.
Introduction
Many important industrial, pharmaceutical and agrochemical compounds contain fluorine, as it enhances relevant properties such as lipophilicity and metabolic stability often resulting in improved biological activity Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10532-018-9827-z) contains supplementary material, which is available to authorized users. (Gillis et al. 2015; Jeschke 2010) . Fluoro-and trifluoromethyl-phenyl moieties are commonly found in drugs and pesticides (Murphy and Sandford 2015) , and as fluorine is a small atom, these compounds can be biotransformed by enzymes of the established aromatic degrading pathways in microorganisms (Murphy 2010) . Compounds such as fluorobenzoate and fluorophenol can be completely mineralised by bacteria, whereas trifluoromethyl-substituted aromatics are typically partially degraded or co-metabolised (Kiel and Engesser 2015) .
Pentafluorosulfanyl (SF 5 ) is proposed as a replacement for trifluoromethyl (CF 3 ), owing to SF 5 -substituted compounds having enhanced thermal, chemical and hydrolytic stability, coupled with high lipophilicity and biological activity (Altomonte and Zanda 2012) . The synthetic methods for preparation of aromatic SF 5 -substituted compounds have improved (Savoie and Welch 2015) , and the wider availability of these building blocks has resulted in the synthesis of several bioactive SF 5 -containing compounds (Fig. 1 ). For example, Welch and Lim (2007) synthesised an SF 5 -containing analogue of the appetite suppressant fenfluramine and found that the new compound had improved 5-hydroxytryptamine receptor binding. Similarly, the pentafluorosulfanyl derivative of the pesticide trifluralin was synthesised and demonstrated improved potency in preemergence screening ). More recently, Hendricks et al. (2015) synthesised SF 5 analogue of flufenamic acid, which is an ion channel modulator with applications in medicine as a non-steroidal anti-inflammatory drug (NSAID), and determined that it had improved activity as inhibitor of cyclooxygenases (COX-1 and COX-2).
The continuous improvement in synthetic methodologies will likely result in increasing numbers of agrochemical and pharmaceutical analogues containing the SF 5 substituent and it seems almost inevitable that some will be commercialised. Therefore, SF 5 -containing compounds can be considered emerging pollutants and it is crucially important that the environmental fate of them is comprehensively understood. Jackson and Marbury (2009) demonstrated that SF 5 -substituted aromatics are photo-labile; however, in the natural environment, light does not always penetrate, thus compounds containing this substituent will interact with living systems. To date very few studies on the biodegradation of SF 5 -substituted aromatic compounds have been conducted. Intuitively, the electron-withdrawing effect of the SF 5 -group should inactivate the phenyl ring to attack by the classic oxygenase enzymes involved in aromatic biodegradation. One study has reported the microbial biotransformation of SF 5 -substituted anilines revealing N-acetylation as the predominant reaction (Kavanagh et al. 2014) . Pseudomonads are present in soil and are likely to be among the first bacteria to encounter SF 5 -containing pollutants. Moreover, these bacteria are wellknown to biodegrade a range of xenobiotic compounds (Diaz et al. 2013) , including those containing fluorine (Hughes et al. 2011) . In this paper we describe the biodegradation of SF 5 -substituted aminophenols 1-3 (Fig. 2) in Pseudomonas spp.
Experimental

Chemicals
All the chemicals and solvents used in this study were of analytical grade. The pentafluorosulfanyl-substituted phenols (Fig. 2) were synthesized following previously reported methods (Beier and Pastyrikova Trifluralin Fenfluramine Mefloquin Vida et al. 2014 Vida et al. , 2016 . Compound 1 was also acquired from Apollo Scientific (Stockport, UK) and analytical grade 2-aminophenol and N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) were purchased from Sigma-Aldrich (Arklow, Ireland).
Strains and growth conditions
The bacterial strains Pseudomonas knackmussii B13, Burkholderia xenovorans LB400, Comamonas testosteroni A441 and Pseudomonas pseudoalcaligenes KF707 were obtained from DSMZ, Germany. Pseudomonas putida KT2400 IMD699 and Pseudomonas aeruginosa IMD694 were acquired from the Industrial Microbiology, Dublin (IMD) culture collection. Fig. 2 Structures of the compounds used in this study (1, 2, 3) and the transformation products detected (4, 5)
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Inhibition assays
Pseudomonas spp. were grown in mineral medium using pentafluorosulfanyl-substituted catechol 4 (0.85 mM) as only source of carbon, or supplemented with 2-aminophenol (2 mM). The growth was monitored by enumerating the colony forming units (CFU ml -1 ) and OD 600 . Agar diffusion assays were performed with Pseudomonas knackmussii B13, Pseudomonas pseudoalcaligenes KF707 and Pseudomonas putida KT2440 on tryptone soy agar plates. Following inoculation of the plates, a solution of 2 mM pentafluorosulfanyl catechol (50 ll) was added to a well in the agar. The diameter of the inhibition area was recorded after 24 and 48 h incubation at 30°C.
Analysis of metabolites
Culture supernatants were extracted in chloroform, evaporated to dryness and derivatised via silylation with N-methyl-N-(trimethylsilyl)trifluoroacetamide for 1 h at 100°C. The organic fractions of samples were analysed by gas chromatography-mass spectrometry on an Agilent 6890 gas chromatograph coupled to a 5973 mass selective detector. Analytes (1 ll) were injected onto a HP-5MS column (30 m 9 0.25 mm 9 0.25 lm) employing a 50:1 split ratio and raising the temperature from 150 to 300°C at 10°C min -1 . The SF 5 compounds 1 and 4 were quantified by high performance liquid chromatography (HPLC) on a Varian Prostar system fitted with a Supelco Ascentis C18 (15 cm 9 10 mm 9 5 lm) column. Organic extracts of supernatants were dried, redissolved in methanol and eluted with a mobile phase composed of H 2 O (A) and acetonitrile/ 0.1% TFA (B) (flow rate 1 ml min -1 ; 0-30 min, 20-80% B; 30-35 min, 80-20% B;) and data analysis was performed with Galaxie software. The aqueous fractions were lyophilised resuspended in deuterated water and analysed by 19 F NMR. All NMR experiments were performed in CDCl 3 or D 2 O (10% or 100%) on a Varian VnmrS 400 MHz and Bruker Avance 3HD ? 600 MHz spectrometers operating at 19 F frequencies of 376 and 564 MHz, respectively. The data were acquired for each sample at 25°C using a spectral width of 50 ppm, an acquisition time of 1.15 s, and 128 or 1024 scans with a relaxation delay of 2.0 s. Data were analysed on Mestrenova 11.0 software.
The concentration of fluoride ion released into culture supernatants was measured with an ionselective electrode (Orion 96-09) by sampling 1 ml of culture supernatant collected at the start and at the end of the experiment and mixing with 8 ml trisodium citrate/KNO 3 buffer (129.0 g l -1 Na 3 C 6 H 5 O 7 Á2H 2 O, 50.0 g l -1 KNO 3 ) and 1 ml H 2 SO 4 (1 M). The probe was calibrated using a two-point calibration of 0.2 mM and 2 mM NaF.
Catechol 1,2 dioxygenase activity
The activity of catechol 1,2 dioxygenase was assayed by incubating 1 mg of wet cell pellet, previously grown in benzoate (2 mM) or 1 (0.85 mM), with catechol (1 mM) in a final volume of 1 ml of buffer for 15 min. The assay was stopped by centrifugation at 13000 rpm and the enzymatic activity was assessed by measuring the formation of cis, cis-muconic acid by HPLC on a Varian Prostar system fitted with a Supelco Ascentis C18 (15 cm 9 10 mm 9 5 lm) column. Samples were resolved with phosphoric acid 1 g l -1
(A) versus acetonitrile (B) (0.5 ml min -1 ; 0-10 min, 40-60% B) and data analysis was performed with Galaxie software.
Results
Growth of bacteria on SF 5 -substituted aminophenol
The bacteria chosen for growth experiments were all able to grow on 2-aminophenol as a sole carbon and energy source (Supplemental Information). Further experiments were conducted to determine if the compounds 1-3 could act as sole carbon and energy sources for the growth of bacteria. Thus, minimal medium containing SF 5 -substituted amino phenol 1 (0.85 mM) was inoculated with the selected bacteria and incubated at 30°C with shaking (150 rpm) in darkness. Growth was measured by monitoring optical density and all the bacteria, except B. xenovorans and C. testosteroni (OD 600 B 0.15), could utilise 1 as the sole carbon source. Interestingly, growth on 1 was accompanied by detectable amounts of fluoride ion indicating limited mineralization of the substrate (Table 1) . No evidence of substrate autooxidation was observed in -SF 5 1 growing cultures, whereas an evident black precipitate appeared in 2-aminophenol cultures after 48 h of incubation, indicating abiotic polymerisation of this substrate.
Three bacteria (Pseudomonas sp. IMD695, P. knackmussii B13 and P. pseudoalcaligenes KF707) were also incubated with the substrates 2 and 3 as sole carbon sources. Only Pseudomonas sp. IMD695 grew on these compounds, with 0.02 and 0.09 mM fluoride release, respectively, and owing to limited availability of the compounds no other bacterium was tested.
The microorganisms investigated are either themselves soil-isolates (IM695) or closely related to bacteria commonly found in the environment, thus the ability to catabolise SF 5 -aminophenols is likely to be widespread.
Detection of metabolites
To shed light on the possible catabolic pathways involved in the biodegradation of the SF 5 -aminophenol, culture supernatants were extracted with chloroform, the extracts dried and the residues silylated prior to GC-MS analysis. Figure 3 compares the chromatograms from silylated extracts of un-inoculated flasks and following growth of P. knackmussii B-13 on 1. Whilst much of the starting material remained after growth, two metabolites were detectable that were not present in the control flasks. The metabolite that eluted after 6.5 min (Fig. 3c) is the acetylated aminophenol previously observed by Kavanagh et al. (2014) , whereas the compound that eluted at 4.6 min has not previously been observed. Its retention time and mass spectrum matched that of authentic SF 5 -catechol 4 (Vida et al. 2014) ; this compound was also detected in cultures of P. aeruginosa and Pseudomonas IMD695. No other metabolites were identified using this method, indicating that either no other extractable metabolites accumulated in the supernatant, or that the compounds were not amenable to GC-MS analysis.
Biotransformation of SF 5 -aminophenol 1
To probe the biodegradation further, the bacterial strains able to grow on 1 were cultivated in minimal medium containing 2-aminophenol (2 mM) as a carbon source. Cells were harvested, washed and resuspended in phosphate buffer and incubated with 1 (0.2 mM) for up to 120 h. Analysis of the culture supernatants by GC-MS showed very poor biotransformation of the substrate (Fig. 4a) . However, when the strains were cultured in TSB, harvested and resuspended in a buffer supplemented with yeast extract there was a dramatic effect on the cells' ability to degrade 1 (Fig. 4b) . Under these conditions the substrate was either completely converted to the Nacetylated derivative in cultures of P. knackmussii, P. pseudoalcaligenes KF707 and P. aeruginosa or was completely removed generating no apparent metabolite, in cultures of P. putida and Pseudomonas IMD695. Therefore, the combination of healthier cells and additional nutrient promoted the biotransformation of the substrate.
To determine the effect of substrate concentration on biotransformation the concentration of 1 added to P. putida suspended cells supplemented with yeast extract was increased from 0.2 mM to 1 mM. Using a higher concentration of substrate, traces of compounds 4 and 5, not detected at lower concentrations occurred, likely subsequently to a stress response. Whilst more fluoride ion (approx. 0.6 mM) was observed in cultures incubated with the higher concentration of substrate, the degree of defluorination was proportionally the same (approx. 12%) as with the lower substrate concentration. However, whilst no starting compound was detectable by GC-MS, HPLC and 19 F NMR at the lower concentration, suggesting complete removal, the SF 5 -aminophenol was not removed at 1 mM after 120 h incubation.
F NMR of culture extracts
19 F NMR has proven to be a useful technique for monitoring the biodegradation of fluorinated compounds in microorganisms with minimal culture processing (Murphy 2007) . The -SF 5 group has a distinctive 19 F NMR spectrum reflecting the geometries of the fluorine atoms: a doublet for the four planar fluorine atoms and a quintet for the single axial fluorine (Fig. 5a) . Therefore, the cell extracts from the various bacterial suspensions were examined by 19 F NMR to determine the presence of new SF 5 -bearing intermediates after incubation of 1 in the absence and presence of yeast extract. The degree of biodegradation was much greater in the presence of yeast extract, confirming the GC-MS results. New resonances were observed in all of these experiments (Fig. 5) , except in those with P. putida, in which no organically extracted SF 5 -containing metabolite was detected, which corresponds to the observations by GC-MS. Most apparent was a new doublet at d 63.3 ppm (d, 4F, J = 150.2 Hz) accompanying a multiplet at d 85 ppm (p, 1F, J = 150.2 Hz) in cultures of P. knackmussii and P. aeruginosa. It is most likely that the compound is the N-acetyl metabolite, since in the GC-MS analysis of the two cultures this was the (Fig. 5b) along with a prominent broad singlet (d -120 ppm, not shown), characteristic of fluoride ion (Supplemental Information). This new resonance is likely to be a late SF 5 -bearing intermediate of the catabolism of 1 and its hydrophilicity suggests it is a ring-opened metabolite. However, GC-MS analysis of the aqueous fraction did not reveal a new peak suggesting that this metabolite is not detectable with this method. Furthermore, it is clear from the signalto-noise of the spectra, which hides the signal of the corresponding quintet, that the compound is present at a very low concentration in the supernatant making purification unfeasible.
Catabolism of SF 5 -catechol 4
To investigate if the catechol 4 was a shunt product or a productive metabolite, experiments were undertaken to determine if two strains, P. knackmussi and P. putida, could grow on it, but neither could. Table 2 compares the growth of P. knackmussii on 2-aminophenol either alone or in the presence of catechol 4, and suggests that 4 is an inhibitor, since no growth was observed in the presence of this compound. Furthermore, when the cell numbers in the culture flasks were determined by standard plate counting, the cells in the initial inoculum had diminished dramatically when 4 was present, compared to the control flask with no carbon source (Table 2) . Therefore, it was proposed that the SF 5 -catechol was in fact a toxic product that might be formed via biotransformation. Growth inhibition studies using the disk diffusion assay with 4 (25 lg) revealed zones of clearing of 14 and 16 mm in tryptone soya agar plates inoculated with P. knackmussii and P. pseudoalcaligenes KF707, respectively, confirming the toxicity of the compound towards these strains while no inhibition was observed for P. putida. In the degradation of aminophenol in other bacteria, catechol is a suicide substrate of the enzyme 2-aminophenol 1,6-dioxygenase (Davis et al. 1999) , which might account for the toxic effect observed here.
As P. putida was not affected by 4, further experiments were conducted in which the catechol was incubated with resting cells in the presence of yeast extract for 120 h. Analysis of culture supernatants and biomass by HPLC determined that approx. 75% of the catechol was removed by the bacterium. However, no new metabolite was detected by any of the analytical techniques available, but fluoride ion (0.1 mM) was detected in the supernatant, suggesting limited biotransformation that may account for the ability of the bacterium to resist any inhibitory effect of 4. Furthermore, no catechol-1,2-dioxygenase activity in P. putida was detectable when the bacterium was cultured in 1 as a growth substrate, whereas the enzyme was easily assayed upon growing the cells on benzoate (0.17 nmol muconic acid/min.mg cells). This observation is consistent with the absence of growth when 4 was present as the sole carbon and energy source.
Discussion
There is a considerable research activity within the fluorine chemistry community to develop synthetic methodologies to make building blocks containing the pentafluorosulfanyl group ). This substituent has been proposed as a replacement for trifluoromethyl (- CF 3 ), which is very common in drugs and agrochemicals, and there are several reports of SF 5 -containing derivatives of bioactive compounds in the literature. The development of these compounds needs to be accompanied with a rigorous assessment of their behaviour in the environment. Microbial biotransformations are crucial to any environmental study and in this paper we investigated the biotransformation and biodegradation of SF 5 -substituted aminophenol as representative compound of this group of emerging pollutants. Previously, we had demonstrated that such compounds were not so deactivated that enzymatic transformation of them was impossible (Kavanagh et al. 2014) , as one might have expected given the electron-withdrawing effects of the pentafluorosulfanyl group. In this study we showed that aromatic compounds with the SF 5 -moiety could not only be biotransformed, but biodegraded by Pseudomonas bacteria, since fluoride ion was detectable in the cultures.
Of the three SF 5 -aminophenol isomers examined as potential growth substrates, compound 1 was the most effective as a sole carbon and energy source. All of the bacteria examined grew on 2-aminophenol as a sole carbon and energy source, thus it might have been expected that the pentafluorosulfanyl-substituted derivative 1 would have employed the enzymes of this pathway (Takenaka et al. 2000) to generate pyruvate (Fig. 6) . However, two of the tested strains, Comamonas testosteroni and Burkholderia xenovorans, did not utilise 1 as sole carbon source even though they could grow on 2-aminophenol. The genome of P. knackmussii B13 and B. xenovorans LB400 share identical copies of the genomic island bearing the 2-aminophenol catabolic pathway (Gaillard et al. 2006) , therefore it was expected that both strains would have shown the ability to use 1 as growth substrate. It is possible that the steric bulk of the SF 5 substituent hampers the biodegradation of compound 1 via the known 2-aminophenol pathway (Takenaka et al. 1998) , thus alternative degradative steps might be involved that are not present in C. testoseroni and B. xenovorans.
Limited biotransformation was observed in resting cell experiments with the various Pseudomonas spp. However, when the experiments included yeast extract the conversion of 1 increased dramatically, and the starting material was fully removed from the medium by all the strains tested. While P. knackmussii converted the starting material to 2-acetamido-5(SF 5 ) phenol 5, P. putida and Pseudomonas sp. IMD695 consumed 1 but none of the catabolic intermediates could be identified.
The precise biochemical mechanism of the degradation is not clear at this stage, since only two SF 5 -containing metabolites were identified, one of which, the N-acteylated form 5, had previously been observed and is likely a shunt product rather than a catabolic intermediate. The other compound identified, SF 5 -catechol 4, would not have been a predicted intermediate based on the known 2-aminophenol degradative pathway. However, it could have been formed via deaminase activity similar to that observed in Burkholderia RKJ800, which deaminates 4-chloro-2-aminophenol (Arora et al. 2014) . Compounds 4 and 5 were not detected in cultures of P. putida when the starting substrate concentration was 0.2 mM, but traces of these metabolites occurred when the concentration was raised to 1 mM. This suggests that whilst P. putida can tolerate 0.2 mM of the starting substrate 1 better than other bacteria, at higher concentrations, different mechanisms, such as Nacetylation, are required to deal with the additional stress.
Catechols are common intermediates in the degradation of other aromatic xenobiotics in bacteria and intradiol cleavage via a dioxygenase would thus be the next expected step. However, the catechol 4 did not support growth of either P. knackmussii or P. putida, and, in fact, inhibits the growth of some strains. Whilst this suggests that 4 is also a shunt product and not a productive metabolite, in suspended cultures of P. putida, 4 was taken up by the cells about 20% of the provided fluorine was converted to fluoride ion detected in the culture supernatant. It is possible that a minor pathway operates in this strain, for instance via a muconic acid leading to muconolactone from which the SF 5 -anion is eliminated. This is unstable and spontaneously degrades to fluoride and SF 4 , which has a very low boiling point (-40°C), thus would instantly evaporate (Fig. 6) . Such an explanation would account for the absence of other major fluorinated metabolites. The other SF 5 intermediates observed in culture supernatants from compound 1 biotransformation by 19 F NMR occurred in small amounts not suitable for characterisation in this study.
In conclusion, we have demonstrated that environmental bacteria will biodegrade pentafluorosulfanyl- (Takenaka et al. 1998) or catechol degrading pathways (Diaz et al. 2013) . The metabolites that have been detected are coloured blue Biodegradation (2018) 29:259-270 269 substituted aminophenol, releasing some fluoride ion, and have the potential to produce a toxic by-product. Future work will focus on the metabolic route taken and the mechanism of fluoride release.
